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Abstract To have the capability for long-term prediction of stratospheric ozone (O3), chemistry-climate
models have often been tested against observations on decadal timescales. A model-observation
discrepancy in the tropical O3 response to the 11 year solar cycle, ﬁrst noted in 1993, persists for more
than 20 years: While standard photochemical models predict a single-peak response in the stratosphere,
satellite observations show an unexpected double-peak structure. Such discrepancy has led to the
question of whether the current standard O3 photochemistry is deﬁcient. Various studies have explored
uncertainties in photochemistry and dynamics but there has not been compelling evidence of model
biases. Here we suggest that decadal satellite orbital drifts relative to the diurnal cycle could be the
primary cause of the discrepancy. We show that the double-peak structure can be reproduced by adding
the A.M./P.M. diurnal difference to the single-peak response predicted by the standard photochemistry.
Thus we argue that the standard photochemistry is consistent with the observed solar cycle modulation in
stratospheric O3.
1. Introduction
Ozone plays a fundamental role in the Earth’s atmosphere. Produced by the absorption of UV light, the
ozone layer shields the surface of the planet from damaging UV radiation, allowing the development of
an advanced biosphere and eventually intelligent life. Ozone is also a key molecule in the energy budget
of the atmosphere. The ozone layer is primarily responsible for the dramatic temperature inversion above
the tropopause; absorption by the Chappuis band in the visible wavelength region contributes to heating
of the troposphere. Due to its strong absorption in a band at 9.6μm, ozone is the third most important
greenhouse molecule on this planet after H2O and CO2. As emissions of halocarbon have been regulated
since the 1990s, recovery of stratospheric O3 helps cool the surface by reducing downwelling shortwave
radiation in the upper stratosphere while also strengthens greenhouse warming by enhancing the absorp-
tion of outgoing longwave radiation in the lower stratosphere. The net effect of these two large canceling
terms is sensitive to the vertical structure of stratospheric O3 [Forster and Shine, 1997]. The latest
Intergovernmental Panel for Climate Change assessment (AR5) reports that the radiative forcing of strato-
spheric O3 in 16 chemistry-climate models ranges widely from 0.15 to +0.05Wm2, due largely to the
different vertical structures of ozone in the models [Myhre et al., 2013]. Therefore, it is important that mod-
els’ vertical structure be validated against observation. It then follows that our understanding of ozone
photochemistry may be in serious doubt if the models cannot reproduce the observed vertical structure
of ozone.
Indeed, the theory of stratospheric O3 has been revised a number of times since its discovery in the nine-
teenth century. The ﬁrst photochemical model was proposed by Sydney Chapman in 1930, in which the ulti-
mate source of stratospheric O3 is the photodissociation of molecular oxygen (O2) by solar UV below 240 nm
into atomic oxygen (O), followed by the recombination of O with O2 to form O3; O3 is lost primarily through
either photodissociation at 200–360 nm or recombination with O [Chapman, 1930]. However, the Chapman
chemistry alone overestimates stratospheric O3, prompting the introduction of catalytic depletion by hydro-
gen oxides and nitrogen oxides in the 1950s and 1960s [Bates and Nicolet, 1950; Crutzen, 1970]. The discovery
of the Antarctic O3 hole in 1985 further stimulated proposals on polar-night stratospheric dynamics and new
catalytic depletion by bromine oxides, but it is the chlorine radicals released fromman-made chloroﬂuorocar-
bons that cause the severe heterogeneous catalytic O3 depletion [Yung et al., 1980; Farman et al., 1985;
McElroy et al., 1986; Solomon et al., 1986; Tung et al., 1986; Molina and Molina, 1987; Sander et al., 1989].
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Global O3 distribution is also determined
by the meridional residual (Brewer-
Dobson) circulation, especially in the lower
stratosphere, which transports O3 from low
latitudes (where it is photochemically
produced) to high latitudes [Brewer, 1949;
Dobson, 1956]. More details of O3
photochemistry and transport can be
found in standard text books, e.g., Yung
and DeMore [1999] and Brasseur and
Solomon [2005].
The Chapman chemistry together with cat-
alytic and heterogeneous reactions now
forms the standard photochemistry of O3.
Thus far, this standard model of O3 has
been successful in predicting short-term
(e.g., diurnal to annual) variability of strato-
spheric O3. However, to monitor O3
changes on longer timescales that are rele-
vant to O3 recovery and climate change,
the standard model must be validated
against long-term observations. The
11 year solar cycle has often been used
for this purpose, as this natural phenom-
enon has a well-measured quasiperiodic radiative source. (Due to the calibration of different satellites, there
is uncertainty in the satellite-measured absolute value of the solar constant, but the impact on this relative
oscillation is minor [Solanki et al., 2013].) Variations in solar UV affect both the photochemical production
and destruction of O3. The 11 year solar cycle modulation in O3 was ﬁrst studied by Willett [1962] using total
column O3, but themodulation in the vertical O3 proﬁle was not revealed until satellite data became available
in the 1970s. With the standard photochemistry, the vertical O3 response to the 11 year solar cycle in the tro-
pical upper stratosphere is governed primarily by the Chapman chemistry and is a single-peak structure with
a peak response at 3 hPa of ~2.5% per 100 units of 10.7 cm solar radio ﬂux (%/100 F10.7). However, the
observed response is signiﬁcantly different. Using the 11.5 years of O3 data from National Aeronautics and
Space Administration (NASA) Solar Backscatter Ultraviolet measurement (SBUV) since 1979, Hood et al.
[1993] derived a vertical O3 response that featured the so-called “double-peak” structure (Figure 1): there are
statistically signiﬁcant positive responses in the upper stratosphere (~2%/100 F10.7) at 40–55 km (0.3–3 hPa)
andthe lowerstratosphere (~3%/100 F10.7near20 kmor100 hPa)while the response in themiddlestratosphere
(30–40 km or 3–30 hPa) is practically zero. The double-peak structure persisted when longer SBUV O3 records
(version 8) were included [Soukharev and Hood, 2006].
The observed double-peak structure poses a number of challenges to the standard photochemistry. We shall
examine these challenges in more details in section 3.3, but we brieﬂy summarize them here. First, the upper
stratospheric peak is located at a higher altitude than predicted (~35 km) by photochemical production of O3
[Brasseur et al., 1988; Austin et al., 2008]; there has not been any attempt to explain the shift in the upper stra-
tospheric peak. Second, many modeling studies attempt to explain the weak middle stratospheric response
in terms of solar-induced effects on stratospheric dynamical processes, such as the quasi-biennial oscillation
(QBO) [Smith and Matthes, 2008; Matthes et al., 2013] and the Brewer-Dobson circulation, or more realistic
dynamical ﬁelds from reanalyses [Dhomse et al., 2011]. Potential effects due to solar-induced changes in
ozone-destroying catalysts, such as the odd-nitrogen species, and modeling errors due to observational
uncertainties in the solar UV variability have also been studied extensively [Rozanov et al., 2005; Haigh
et al., 2010; Ball et al., 2014a, 2016]. While some of these attempts managed to simulate a weaker middle stra-
tospheric response than suggested by the standard chemistry [Austin et al., 2008; Dhomse et al., 2011; Chiodo
et al., 2012], the simulated response is still robustly positive rather than being nearly zero as observed. Lastly,
the lower stratospheric maximum, which occurs at an altitude where photochemistry is not dominant, has
Figure 1. The double-peak structure of 11 year solar cycle response in
the stratospheric ozone reported in Soukharev and Hood [2006] (blue
line), based on Figure 4 of Austin et al. [2008]. The error of the observed
response (cyan shade) represents 2σ levels. For comparison, a
single-peaked response simulated using the 1-D Caltech/JPL
photochemical model is also shown (orange line).
Earth and Space Science 10.1002/2016EA000199
LI ET AL. 11 YEAR SOLAR CYCLE RESPONSE IN OZONE 432
been attributed to the inﬂuence of the El Niño–Southern Oscillation (ENSO) or aliasing with major volcanic
eruptions in 1983 (El Chichón) and 1992 (Pinatubo) that were almost a decade apart, although some studies
question the robustness of these effects [Marsh and Garcia, 2007; Hood and Soukharev, 2012; Chiodo et al.,
2014; Dhomse et al., 2015].
To date, the above proposed solutions have approached the double-peak structure problem mainly from
modeling perspectives; none focused on the O3 data itself. Here we argue that while we must understand
the physical processes, accurate knowledge of how data were acquired is also critical when interpreting
the observed variability. We propose a possible resolution for this model-observation discrepancy in the
O3 decadal variability, namely, the diurnal bias of data acquisition due to orbital drifts. Section 2 reviews
the decadal variability of the orbits carrying the SBUV instruments. Section 3 describes themethodology used
to calculate the decadal effects on O3. Section 4 discusses the results and their implications.
2. Data and Methods
The SBUV data are publicly available on the World Wide Web (http://acd-ext.gsfc.nasa.gov/Data_services/
merged/). The SBUV instruments were launched into drifting orbits, where overpassing time varies over
the course of the mission [DeLand et al., 2012]. Figure 2a shows the equatorial crossing times (ECTs) of the
SBUV carriers since 1970. Except for Nimbus-4 and Nimbus-7, which had relatively stable orbits, all NOAA plat-
forms experienced orbital drifts a few years after launch. As a result, SBUV O3 measurements are subject to
large diurnal variations since the time of the day when measurements were taken drifted. As illustrated in
Figure 2. (a) The equatorial crossing times (ECT) of individual satellite platforms that carried the SBUV instruments. Thick
lines represent measurements that are included in the MOD products. In the MOD products, all data (except NOAA-11)
with ECT before 8 A.M. and after 4 P.M. are excluded (represented by thin lines). These ECT data are extracted from Bhartia
et al. [2013]. (b) The “estimated” average ECT corresponding to the MOD products, based on the assumption that the O3
concentrations in the overlapping periods are simple arithmetic averages of individual measurements. For comparison, the
10.7 cm solar radio ﬂux (F10.7) is also shown.
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Figure 14 of Bhartia et al. [2013], which shows the ratio of the NOAA-17 and NOAA-18 measurements corre-
sponding to 10 A.M. and 2 P.M., respectively, O3 is more abundant in the afternoon at altitudes above 5 hPa or
below 30 hPa and is less abundant between 5 and 30 hPa; the lower stratospheric diurnal variability is due to
dynamics [Haefele et al., 2008]. This vertical structure of the A.M./P.M. asymmetry thus exhibits a double-peak
proﬁle that is similar to that of the “observed” O3 solar cycle response.
If the A.M. and P.M. measurements are randomly distributed over the solar cycle phases, then the A.M./P.M.
asymmetry may cancel each other in the linear regression. However, Figure 2b shows that this is true only
before 1990 or after 2000. During the solar minimum period 1990–2000, there were more P.M. than A.M.
measurements. The average ECT over this period is 2 P.M. while F10.7 is 50 solar ﬂux unit
(1 sfu = 1022Wm2 Hz1) relative to the mean value. Linear regression applied to the whole O3 record,
e.g., over 1979–2004, as in Soukharev and Hood [2006], might misidentify the A.M./P.M. asymmetry in
1990–2000 as a solar minimum response. We explore this possibility using the Caltech/Jet Propulsion
Laboratory (JPL) 1-D photochemical model [Allen et al., 1981, 1984] to simulate the effect of the diurnal
bias to the O3 decadal variability. This model contains 66 levels from the surface to 130 km altitude.
Vertical transport is parameterized using eddy diffusion. The chemical kinetics is based on the JPL’s
Chemical Kinetics Evaluation in 2006 [Sander et al., 2006]. The model contains 12 atoms, 617 molecules,
and 2248 reactions. The important species involved in this work include: O, O(1D), O2, O2(
1/Δ), O3, NO,
NO2, N2O, HNO3, H, OH, H2, H2O, and H2O2. The model is run until photochemical equilibrium is reached.
Then the vertical O3 proﬁle at the photochemical equilibrium is examined.
While the 1-D photochemical model provides a simple way to illustrate the solar cycle modulation on O3,
photochemistry dominates only above the middle stratosphere. Meriodional transport, which is important
in the lower stratosphere, is absent in the model. Furthermore, there is no aerosol injection from the tropical
troposphere into the stratosphere in the model. Missing these two factors means that the 1-D model will not
be capable of simulating the aliasing between the volcanic eruptions and the 11 year solar cycle. Chiodo
et al. [2014] showed using a 3-D model that such aliasing is largely responsible for the presence of the lower
stratospheric peak, suggesting that the lower peak is not related to the solar forcing. We will use their simu-
lation to reconstruct the observed O3 solar cycle response in section 3.1.
A solar UV ﬂux input is required for photochemical processes. For wavelengths between 115 and 400 nm, we
use the mean solar spectral UV in 2004 (neutral solar cycle conditions) measured by the National Aeronautics
and Space Administration (NASA)’s Solar Radiation and Climate Experiment (SORCE). There are two instru-
ments aboard SORCE. The ﬁrst instrument, Solar Stellar Irradiance Comparison Experiment (SOLSTICE), mea-
sures the UV intensity for wavelengths between 115 and 340 nm and has better performance on short
wavelengths; we use the SOLSTICE data for wavelengths ≤ 240 nm. The other instrument, Spectral
Irradiance Monitor (SIM), measures the spectral intensity for wavelengths between 200 and 2400 nm and
has better performance for long wavelengths; we use the SIM data for wavelengths ≥ 240 nm.
The solar UV spectral variability over the 11 year solar cycle is based on the Naval Research Laboratory’s solar
spectral irradiance model [Lean, 2000]. It attains the largest variability (15%) at the Lyman-α emission line
(121.57 nm) and drops to nearly zero at 300 nm. Detailed variations of the spectral irradiance over a typical
11 year solar cycle can be found in Figure 3 ofWang et al. [2013]. We use this spectral model to drive the solar
cycle variability in the photochemistry.
3. Results and Discussions
3.1. Simulated Effects of Orbit Drifts
Weperform twoexperiments using the1-Dphotochemicalmodel. Theﬁrst experiment (ExperimentA) is to cal-
culate the response of O3 to spectral UV changes corresponding toΔF10.7 =50 sfu, which represents the solar
cycle modulation. The result is shown as the dashed line in Figure 3. This proﬁle is the equivalent to the one
shown in Figure1, up toa scaling factor that accounts for different valuesofΔF10.7. Asdiscussed in section1, this
photochemical O3 response to the 11 year cycle is dominated by a single peak (1.5%/100 F10.7) at 3 hPa in the
upper stratosphere due to the Chapman chemistry. The second experiment (Experiment B) is to calculate the
O3 diurnal change at 2 P.M. relative to 12 P.M., which represents the A.M./P.M. diurnal asymmetry due to
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the orbital drift. The result is shown as the
dash-dotted line in Figure 3. It has a positive
peak (1.5%/100 F10.7) at 2 hPa and a nega-
tive peak (1.2%/100 F10.7) at 5 hPa.
However, none of these experiments repro-
duces the lower stratospheric peak because
of the absence of aerosol variability in the
1-D photochemical model. Two of the
experiments performed by Chiodo et al.
[2014] examined the total changes of verti-
cal O3 due to all forcings (solar, QBO, ENSO,
and volcanic eruptions) and the partial
changes without volcanic eruptions, show-
ing that the lower stratospheric peak below
30 hPa resulted from the aliasing between
the volcanic eruptions and the 11 year solar
cycle; see their Figure 9. To add this aliasing
effect to our simulated O3 solar cycle
response, we deﬁne the O3 changes below
30 hPa associated with volcanic eruptions
as the difference between their “all forcing”
run and their “no volcanic forcing” run;
above 10 hPa, we assume that the aliasing
effect is zero (Experiment C; dotted line in
Figure 3).
The sum of the simulated 11 year solar cycle response, the A.M./P.M. diurnal asymmetry of vertical O3, and the
aliasing due to volcanic eruptions is shown as the red line in Figure 3. It exhibits a double-peak structure that
closely resembles the O3 decadal variability observed by SBUV. There is a positive peak (2%/100 F10.7) at 2 hPa
due to the P.M. surplus. More interestingly, this peak also masks the maximum of the photochemical solar
response below at 3 hPa, which would explain the unexpected upward shift of the upper stratospheric peak
of the SBUV O3 response. There is also a nearly zero response in the middle stratosphere, which is due to the
cancellation between the P.M. deﬁcit and the photochemical solar response in the middle stratosphere. Thus,
these two characteristics of the SBUV double-peak structure that have been previously attributed to the O3
solar response can be adequately explained in terms of the O3 A.M./P.M. diurnal asymmetry. The lower strato-
spheric peak, in contrast, is largely due to the aliasing effect of two volcanic eruptions a decade apart that
affected ozone through aerosol-ozone interaction. It is not solar cycle forced.
3.2. Other Satellite Measurements With Minimal Orbital Artifacts
The effects of A.M./P.M. asymmetry on the extracted solar cycle response can be independently veriﬁed using
other satellite O3 data that are not subject to large diurnal variability, for example, the O3 solar response
extracted from the observations by the Halogen Occultation Experiment (HALOE) and Stratospheric
Aerosol and Gas Experiment (SAGE) II. HALOE and SAGE II are limb scanners, and the abundances of atmo-
spheric tracers can be retrieved along the tangent lines of atmospheric layers that are not limited by the satel-
lite position in the orbit. Therefore, HALOE and SAGE-II measurements provide more data points on the
diurnal cycle than SBUV’s nadir measurements, so that the effects of the diurnal variations may be minimized
in the monthly average of the O3 proﬁle. Note that, however, these instrument records are rather short, and
so the regressed results have large uncertainties. The HALOE and SAGE-II data can be obtained from the
Global Ozone Chemistry and Related Trace Gas Data Records for the Stratosphere (GOZCARDS) Project.
The monthly average of the ozone time series is ﬁrst removed from the data. The solar cycle modulation is
retrieved using the following regression model:
O3 tð Þ ¼ αt þ βF10:7 tð Þ þ γ1QBO1 tð Þ þ γ2QBO2 tð Þ þ λENSO tð Þ þ μτ tð Þ þ residual (1)
Figure 3. An empirical model that explains the insigniﬁcant
stratospheric minimum of the 11 year solar cycle response in SBUV
O3.Theaveragesolar response (ExperimentA;dashed line) isdeﬁnedas
theO3deviation for an averageΔF10.7 = 50 sfu during1990–2000. The
averagediurnaldeviation (ExperimentB;dash-dotted line) isdeﬁnedas
the O3 changes from 12 P.M. to 2 P.M. during summer. The aliasing
effectduetovolcaniceruption (ExperimentC) isextractedfromFigure9
of Chiodo et al. [2014]. The total effect (red solid line) is the sum of the
three vertical proﬁles.
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where αt is a linear trend in time t, F10.7(t)
is the 10.7 cm solar radio ﬂux, and QBO1(t)
and QBO2(t) are a pair of QBO indices
derived from stratospheric zonal winds
over Singapore [Wallace et al., 1993].
QBO1(t) is approximately the difference of
the zonal winds at 70 hPa and 10 hPa, and
QBO2(t) is approximately the zonal wind
at 30 hPa. Using these two indices together
could capture the downward propagation
of the QBO signal [Randel and Wu, 1996;
Li et al., 2008]. ENSO(t) is the ENSO index
described by the Multivariate ENSO Index
[Wolter and Timlin, 2011]; τ(t) is the strato-
spheric aerosol optical thickness at 550 nm.
The coefﬁcients α, β, γ1, γ2, λ, and μ are
obtained using multiple linear regression.
Figure4compares theO3solar cycle response
in the 1-D photochemical model with those
from HALOE, and SAGE II. We note that these
measurements also show an upper strato-
spheric peak of ozone at 3 hPa, consistent
with the model prediction. Furthermore, the
middle stratospheric responses at 10 hPa
observed by these measurements agree
with the model prediction much better than that of SBUV. However, the shorter lengths of these satellite
observations lead to much larger regression error bars, which preclude a determination of the vertical struc-
ture of the solar cycle signal throughout stratosphere.
We note that SAGE-II version 6.2 O3 mixing ratios are used in the GOZCARDS database, which may result in an
overestimated solar cycle response at ~50 km [Dhomse et al., 2016]. However, the agreement between the
vertical responses extracted from HALOE and SAGE II in Figure 4 shows that our conclusion is robust.
3.3. Feasibility of Other Proposed Causes of O3 Decadal Variability
The A.M./P.M. diurnal asymmetry of O3 induced by the orbital drift is only one of the possible mechanisms
that leads to a double-peak structure in the O3 decadal variability. Other proposed mechanisms have been
studied extensively in previous studies. They can be categorized into three premises: missing stratospheric
dynamics, incomplete O3 photochemistry, or uncertainties in photochemical parameters. Below, we review
the feasibility of these proposed mechanisms.
3.3.1. Missing Stratospheric Dynamics
Soukharev and Hood [2006] argue that the tropical ascent associated with the secondary circulation of QBO
under solar maximum conditionmight have been reduced, such that odd-nitrogen species (NOx) would accu-
mulate in the middle stratosphere and catalytically destroy O3 [Chipperﬁeld and Gray, 1992]. However, models
fail to simulate any changes of QBO (prescribed or self-generated) due to solar cycle forcing [McCormack
et al., 2007; Smith and Matthes, 2008; Schmidt et al., 2010; Dhomse et al., 2011; Chiodo et al., 2012; Matthes
et al., 2013]. Weakened tropical ascent associated with the Brewer-Dobson circulation resulted from a polar
QBO-solar cycle interaction [Kodera and Kuroda, 2002; Kuroda and Kodera, 2002] may also introduce an accu-
mulation of middle stratospheric NOx but such polar interaction may not be statistically robust [Camp and
Tung, 2007; Li and Tung, 2014]. Some studies anticipate that the observed middle stratospheric minimum
may be a decadal beat due to aliasing between the QBO and the annual cycle, not related to the solar cycle
[Lee and Smith, 2003]. But this argument works only if the average QBO period is 26–27months; observation-
ally, the average QBO period is 28months [Kuai et al., 2009], and the resulting beat frequency (7 years) is sig-
niﬁcantly different from a decadal signal.
Figure 4. Comparisons of the 11 year solar cycle responses of O3
obtained from the 1-D eddy-diffusive photochemical model with
those obtained from HALOE and SAGE-II O3 measurements. The
volcanic aliasing predicted by Chiodo et al. [2014] is also shown.
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3.3.2. Incomplete Photochemistry
Model simulations suggest that inhomogeneous source of mesospheric NOx produced at high latitudes by
solar electron precipitation during solar maximum may be transported to lower altitudes in tropics to
enhance middle stratospheric O3 destruction [Callis et al., 2001; Rozanov et al., 2005]. However, observed dec-
adal changes of middle stratospheric NOx, regardless of the source, are too small (~10%) to explain the mid-
dle stratospheric minimum [Hood and Soukharev, 2006]. It has also been suggested that long-term trends in
water vapor (H2O) and methane (CH4) may contribute to decadal variability of middle stratospheric O3
through their conversion to odd-hydrogen species (HOx) [Remsberg, 2010; Hurst et al., 2011; Hegglin et al.,
2014]. We test this hypothesis by calculating the O3 change associated with the H2O trend using the 1-D
photochemical model, assuming that stratospheric CH4 is ultimately photolyzed to H2O. At 30 km, the
decrease in O3 is 0.5% per decade only, which is again too small to explain the middle stratospheric mini-
mum (Figure 5a).
3.3.3. Uncertainties in Photochemical Parameters
Previous studies have considered two types of uncertainties: measurement uncertainties in the solar spectral
UV [Ermolli et al., 2013] and laboratory uncertainties in the chemical kinetic cross section [Sander et al., 2011].
Current long-term records of the solar spectral UVmerged from various data sets may be subject to large dec-
adal uncertainty due to different instrument calibrations and sensitivities, which may impact O3 simulation
signiﬁcantly [Haigh et al., 2010; Ball et al., 2014a, 2016]. Here we examine whether the observed double-peak
O3 solar cycle response is consistent with the aforementioned uncertainties. Using a Bayesian inversion
[Rodgers, 2000; Ball et al., 2014b], we vary the UV intensity in the 1-D model to ﬁt the observed 11 year solar
cycle response in O3, assuming 20% uncertainty in UV variability between 110–350 nm related to the solar
cycle and 5–10% uncertainty in the observed O3 solar response (Experiment “Bayes I”). Although the model
has no interactive dynamics, we can reproduce a double-peak O3 solar response (Figure 5b; magenta line) by
reducing the UV variation near 220 nm by 20% and 290 nm by 10% and increasing the UV variation near
305 nm by 10% (Figure 5c). The reduction of UV variation at 220 nm is equivalent to a reduction in O2 photo-
lysis rate. We perform another Bayesian inversion assuming 20% uncertainty in the chemical kinetic cross
Figure 5. (a) O3 decadal trend (multiplied by 10; black line) resulting from the trend in stratospheric water vapor (H2O; blue
line). (b) Two Bayesian inversions of model parameters against the decadal variability obtained from SBUV O3. In the ﬁrst
experiment (Bayes I; magenta line), the solar spectral UV is allowed to vary; in the second experiment (Bayes II; orange line),
the chemical kinetic cross sections of the Chapman chemistry are allowed to vary. The SBUV O3 response is the same as the
one shown in Figure 1. (c) The best ﬁtted spectral UV changes after the Bayesian inversion in Experiment Bayes I. Only
wavelengths between 190 and 340 nm are shown; changes at other wavelengths are insigniﬁcant.
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sections associated with the Chapman reactions (Experiment “Bayes II”). A double-peak O3 solar response can
also be reproduced (Figure 5b; orange line) by increasing O2 photolysis rate by 30% and by reducing both O3
photolysis rate and O+O3 recombination rate by 30% (Table 1). Thus, both Bayesian inversions may lead to
an O3 solar response that is consistent with the SBUV observations, but the inferred changes of O2 photolysis
rates of opposite signs. We argue that simply assuming uncertainties in model parameters offers too many
degrees of freedom and generally do not provide unique solutions to model deﬁciencies, obscuring
physical interpretations.
4. Conclusions
We have revisited a persistent model-observation discrepancy of the 11 year solar cycle response in tropical
stratospheric O3: while standard photochemical models predict a single-peak response in the stratosphere,
satellite observations show an unexpected double-peak structure. This discrepancy has led to the question
of whether the current standard O3 photochemistry is deﬁcient. We have shown that the decadal satellite
orbital drifts relative to the diurnal cycle may be a cause of the discrepancy. Our photochemical model is cap-
able of explaining two important features of the 11 year solar cycle response in O3 observed by SBUV: (1) The
P.M. O3 surplus at 2 hPa dominates over the O3 photochemical solar response at 3 hPa, leading to an unex-
pected upward shift of the O3 decadal variability that has been previously thought to be a solar-induced fea-
ture, and (2) the cancellation between the P.M. deﬁcit and the photochemical solar response in the middle
stratosphere leads to a near-zero response that has been previously thought to be due to nonlinear dynamics
and heterogeneous chemistry. Besides the A.M./P.M. diurnal asymmetry, we have also discussed some impor-
tant aspects and shortcomings of other possible mechanisms proposed in previous studies to explain the
double-peak structure in the observed O3 decadal variability by SBUV.
With the A.M./P.M. diurnal asymmetry of O3 taken into consideration, we assert that the standard photo-
chemistry is consistent with the observed solar cycle modulation in stratospheric O3. Thus, the ozone decadal
variability driven by the 11 year solar cycle provides a robust test for chemistry/climate models.
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